Abstract: Arctic summers are brief, and there has been strong selection for migratory birds to arrive in Arctic nesting areas as early as possible to time breeding with peak food availability and complete reproduction. The timing of emergence of nesting habitat in spring is, however, extremely variable in the Arctic, and few long-term studies have examined the ability of avian migrants to track spring conditions to assure optimal nesting. Such studies require long-term migration monitoring under variable spring habitat conditions. These conditions were met during our long-term (1977-2008) study of the timing of arrival of shorebirds to their nesting grounds on the central Yukon-Kuskokwim (Y-K) Delta, in western Alaska. Over this period, the timing of arrival on the nesting grounds of 12 species of shorebirds varied significantly, with the Black-bellied Plover (Pluvialis squatarola) generally arriving first (mean arrival of 4 May), the Red Phalarope (Phalaropus fulicarius) usually arriving last (mean arrival of 20 May). The Western Sandpiper (Calidris mauri), Dunlin (Calidris alpina), and Red-necked Phalarope (Phalaropus lobatus), the most common breeding shorebird species we studied, all arrived about the same time each year (7-9 May). From year to year, first arrival of all species varied significantly by more than 2 weeks, but there was no long-term trend in arrival times over the length of our study. Shorebird arrival was highly correlated with the timing of the break-up of ice on the Kashunuk River, which in turn was correlated with decreasing snow cover and increasing ambient temperature. The date of break-up of river ice also varied by year but did not advance significantly during our study. After arriving on the breeding grounds, Arctic-nesting shorebirds rely on local food resources, which on the Y-K Delta they achieve by timing their arrival to coincide with availability of snow-free habitat. Temperatures along the terminal portions of the spring migration route were significantly correlated with both conditions on the breeding ground and the timing of shorebirds' arrival there, which suggests that shorebirds may use environmental cues during spring migration to regulate its pace. Ours is one of the few multi-decadal studies to evaluate the responses of a suite of migrant species to annual variation in conditions in their Arctic breeding habitat. Shorebirds' adaptations to variable conditions on the Y-K Delta are probably rooted in frequent changes to the landscape since the last glacial maximum. Such inherent flexibility may serve them well under future scenarios associated with a changing climate.
of predation (Uspenskii 1969 , Lank and Ydenberg 2003 , Bonier et al. 2007 , Ydenberg et al. 2007 . Because the timing of breeding in northern climates has such a profound effect on reproductive success and fitness (Lack 1968 , Price et al. 1988 , there should be strong selection for birds to arrive where they breed at the optimum time (PearceHiggins and Green 2014).
The Arctic, defined as northern regions of the globe bounded by the summer isotherm of 10 °C (CAFF 2001) , and characterized in western Alaska by tundra, is available for breeding by many organisms only seasonally. Although most bird species nesting in the Arctic have likely been adjusting their breeding schedules to changes in the seasonal availability of resources for millennia, they must now try to respond to the recent rapid rise in global temperatures (Root et al. 2003) and increased variability in climate (IPCC 2014) . The Arctic is warming at a rate greater than anywhere else on Earth (Serreze et al. 2000 , Bintanja and van der Linden 2013 , Wendler et al. 2014 . This warming, the concomitant changes in habitat phenology, and the ability of birds nesting at high latitudes to keep pace with such change under projected climate change-scenarios have received considerable attention (Visser et al. 1998 , Both and Visser 2001 , Post et al. 2008 , Clausen and Clausen 2013 . Most studies have shown that northern plants and animals have generally responded to recent spring and summer warming by advancing the timing of growth and breeding (Walther et al. 2002 , Root et al. 2003 , Knudsen et al. 2011 . Several studies have documented such an advance in the timing of breeding in shorebirds (Pearce-Higgins et al. 2005 , Gunnarsson and Tómasson 2011 , Liebezeit et al. 2014 . There is also evidence, however, that breeding of some Arctic animals has not kept up with the advance of spring (Post et al. 2008, Clausen and Clausen 2013) .
The ability of migratory birds to adapt to breeding in a variable environment is dependent, at least in part, on mechanisms controlling the timing of spring migration. Such mechanisms have been the subject of study for over a century. Cooke (1904) and Lincoln (1939) recognized that some spring migrants (notably passerines and some waterfowl breeding in the Arctic and North Temperate Zone) keep pace with the isotherm at 2 °C, and that they migrate more rapidly as they approach breeding areas, especially at northern latitudes where spring arrives more quickly. Not all species, however, employ such a flexible migration strategy, without which they cannot advance the timing of nesting to match habitat availability (Both and Visser 2001) . More generally, however, even species with life cycles regulated by fixed cues or a circannual rhythm may have the capacity to adjust those patterns in response to environmental cues (Gwinner 1996) . Species that have a flexible migration strategy may keep pace with changes in the availability of suitable habitat in staging and breeding areas, whereas species that are not able to respond adequately to temporal variation in the availability of resources may fare poorly. The variation among avian taxa in the capacity for such adaptation needs further study.
In this paper, we assess the flexibility in the timing of Arctic shorebirds' migration to changing habitat conditions in spring. We document the timing of spring arrival for 12 species of shorebirds breeding on the Yukon-Kuskokwim (Y-K) Delta, Alaska, over 28 seasons between 1977 and 2008. The Y-K Delta contains one of the greatest expanses of coastal wetlands in North America (Gill and Handel 1990) and is one of the continent's most important areas for breeding shorebirds (Pitelka 1979 , McCaffery et al. 2012 ). While we have a good understanding of the breeding biology of several of these species (e.g., Holmes 1971a , b, Handel and Gill 2000 , Johnson and Walters 2008 , Johnson et al. 2009 ), few studies have documented their migration chronology on the Y-K Delta (Holmes 1971a, Gill and Handel 1990) . Although other studies have considered migration timing elsewhere in the Arctic (Gerasimov and Gerasimov 2000 , Meltofte et al. 2007 and references therein, Smith et al. 2010 , Gunnarsson and Tómasson 2011 , most such studies have focused on a single species, or have been of relatively short duration. Therefore, the inferences that can be drawn from them are quite limited. Our study, however, spanned several decades during which we were able to track the annual response of a suite of shorebird species to annual variations in the regional climate.
If the timing of spring thaw and resource availability are relatively and predictably constant through the years (e.g., Alerstam and Hogstedt 1980) , then a chronological migration strategy (in which annual migrations are cued by day length) might be the most effective means of capitalizing on available resources. But if habitat availability is not highly predictable from year to year, then a flexible migration strategy might lead to better reproductive outcomes. Here we explore differences in the timing of spring migration of nesting shorebirds, the potential influence of climate change on the timing of their migrations, what No. 3 factors might influence migration timing (including migration distance), and their general responses to migration and breeding in a variable environment.
study aRea and methods
Our study took place on the central Y-K Delta in western Alaska, which lies within the Yukon Delta National Wildlife Refuge (YDNWR, Figure 1) . From 1977 to 1998 we monitored birds along the Kashunuk River near the abandoned village of Old Chevak (61° 26′ N, 165° 27′ W) and at a field camp 7 km downriver. Later, from 1999 to 2008, we expanded our effort to include the area around the U.S. Fish and Wildlife Service's Kanaryarmiut Field Station near the Aphrewn River (61° 22′ N, 165° 08′ W), about 15 km southeast of Old Chevak (Figure 1 ). In 2005 and 2006, observations were made simultaneously at Old Chevak and Kanaryarmiut. The habitat at both sites is characterized by very low relief and discontinuous permafrost overlain by moist and wet tundra. In low-lying areas the vegetation is dominated primarily by graminoids, forbs, and dwarf willow (Salix spp.), on upland terraces (thermokarst plateaus 1-2 m higher in elevation) by lichens, mosses, and dwarf sclerophyllous vegetation (Ely and Raveling 1984 , Babcock and Ely 1994 , Jorgenson and Ely 2001 . The Kanaryarmiut site has slightly more thermokarst upland than do sites along the Kashunuk River, though both sites are about an equal distance (~20 km) from the coast (Figure 1) , and both are within the Kashunuk coastal plain (T. Jorgenson unpubl. data).
enviRonmental data
Temperature data were obtained from daily records at our field sites and from weather stations elsewhere in south-central Alaska (i.e., Anchorage, Cold Bay, Dillingham, Kodiak, Homer, and Cordova; Figure 1 ), near areas where shorebirds stop during spring migration (U.S. Dept. Commerce, 1977 Commerce, -2008 . We recorded the date that snow cover was ≤10% on uplands just north of our Old Chevak field camp, and the first day that lowlands were inundated by meltwater immediately west of camp (1977-1998; Figure 1 ). We defined break-up of the Kashunuk River as the date when river ice first moved in our Old Chevak study area (Figure 1) . Data on the timing of the river's break-up and snow cover for 1977-1987 and 2001-2008 
shoRebiRd obseRvations
We monitored the arrival dates of 12 species of shorebirds that nest commonly or regularly on the outer Y-K Delta and at our field sites (Figure 1 ). Field observations were made each year by two to four biologists whose primary task during April and May was to document the first arrival of avian migrants. Biologists arrived at the study sites each spring on dates based on the timing of snowmelt reported by pilots and local villagers. This meant that in some years researchers did not arrive until after the arrival of the earliest species. Observations began the day researchers arrived and continued daily until mid-to late May, by which time most species had initiated nests and begun incubating. The observers recorded arrivals at camp, when walking to and from transects, and while walking fixed transects established for assessing waterbirds' migration chronology. For the initial sightings of each shorebird species we noted the species and number of individuals. We censored the data on a species' arrival for years in which the species was observed on our first day in the field. These data comprised 4.6% (15/327) of first observations: of the Black-bellied Plover (Pluvialis squatarola) in 1989, 1993, 2001, 2002, and 2003 We used the date of first arrival as a metric for characterizing the timing of shorebirds' breeding season, and assumed that early first arrivals corresponded with earlier nesting in the overall local population. This assumption could be violated in two ways: (1) if a species actually arrived before the first detection and (2) if the date of first arrival does not actually reflect the timing of migration and subsequent breeding at the population level. With respect to (1), detectability might vary with birds' habitat, behavior, and the local abundance. We are confident that both habitat and behavior contributed to high detectability at our study sites, where both flocks and actively displaying birds were conspicuous in an early spring landscape characterized by sparse vegetation and low relief.
If population size influences detectability, then we might predict either that species with larger populations are more likely to be detected earlier, on average, and/or that such species' arrival dates are less variable. To evaluate the potential effect of population size on detectability, we examined correlations between local abundance and the timing of first arrivals, the standard error of first arrivals, and the span of dates between earliest and latest first arrivals for each species across the duration of the study. For these analyses, we used abundance estimates from an 853-km 2 study area that included both Kanaryarmiut Field Station and the lower Kashunuk River (McCaffery et al. 2012) . Finally, to determine the correlation and time lag between first arrival and the timing of nesting, observers collected data on first and (in some cases) mean nest-initiation dates for several species of nesting shorebirds. The Bar-tailed Godwit's nesting chronology was studied at Old Chevak in . At the Kanaryarmiut Field Station, Western Sandpipers were studied intensively from 1998 to 2006 (Ruthrauff 2002; BJM unpubl. data) , Rock Sandpipers from 1998 to 2005 (Johnson et al. 2009), and Dunlin in 1999 (BJM unpubl. data) and from 2004 to 2006 (Jamieson 2011) . Finally, we compared arrival times with the nesting chronology of the Black Turnstone in 1978, 1979, 1980, 1982, and 2006 at the Tutakoke River, a field station that was 23 km southwest of Old Chevak and 30 km southwest of Kanaryarmiut (Handel and Gill 2000, Handel 2002 , P. S. Tomkovich unpubl. data).
migRation ChaRaCteRistiCs
The shorebirds we studied spend the nonbreeding season in disparate regions of the northern and southern hemispheres. To assess the possible influence of migration distance on the timing of arrival on the Y-K Delta in spring, we estimated the distance of each species' migration from three different points (north, middle and south) within the nonbreeding range. For all but the two species of phalarope we obtained distributional data from eBird (www.ebird.org/ebird/map/); for phalaropes, we used Cornell Lab's All About Birds (www.allaboutbirds.org). Data from eBird were filtered to include the period from December to April for the years 1986-2016. We defined the northern and southern limits of the main nonbreeding distributions as the most northern and southern 20-× 20-km eBird blocks in which >10% of observations were of a particular species. The midpoint of a species' nonbreeding range was the latitudinal midpoint between the northern and southern limits of the range so defined. For the Ruddy Turnstone we considered only the continental nonbreeding distribution along the coasts of the Americas; for the Bar-tailed Godwit we estimated distances of potential nonstop flights from its final spring staging area around the Yellow Sea (Battley et al. 2012) . We estimated all distances (km) in Google Earth according to both the line function (= great circle) and path function (smoothed route along coast) from the southern, middle, and northern points of a range to the mouth of the Kashunuk River on the Y-K Delta. For the 12 species considered, distances along the coast were only slightly longer than those along a great-circle route (4.8 ± 3.3% for midpoints) and highly correlated with them (Spearman's r > 0.986 for all three points), so we restricted analyses to the coastal routes for all species except the Bartailed Godwit, whose transoceanic route is known from satellite telemetry (Battley et al. 2012 ).
data analyses
Given our two study sites' proximity and similarity in habitat, we combined data for analyses. For 2005 and 2006, when we surveyed both Kanaryarmiut and Old Chevak, we used the earliest arrival date for each species, regardless of location. We examined box plots of first arrival dates of each species to assess if they were normally distributed, then tested potentially non-normal distributions with a Shapiro-Wilks test (Sokal and Rohlf 1981; Proc Univariate, SAS Institute 1999) . We used Pearson correlation coefficients and corresponding coefficients of determination (r 2 ) (Proc Corr, SAS Institute 1999) to explore relationships among weather and climate variables that might affect arrival timing, to compare arrival times with nesting chronology, and to assess the potential effect of local population size on detectability of early migrants. We used Spearman's rank-correlation coefficients to evaluate the strength of the relationships between mean arrival date on the Y-K Delta and distance of migration from the northern, middle, and southern points of the nonbreeding range for the 12 species (see above; Sokal and Rohlf 1981) . We used two-way analysis of variance without interaction to assess the effects of year and species on arrival times and used a Bonferroni adjustment or Fisher's permutation (Proc Corr Fisher, SAS Institute 1999) when making multiple comparisons (with adjusted p values). To examine temporal trends in environmental variables and the arrival of shorebirds, we used linear regression (Proc Reg, SAS Institute 1999). Independent environmental variables tested (1977-1998) included the date of break-up of the Kashunuk River, the date when the coverage of snow on uplands dropped below 10%, the onset of the frost-free period, and the date of first maximum temperature >10 °C at the Kashunuk River. As an index of spring phenology, we used heating degree days during April and May at Bethel and other weather stations in south-central and southern Alaska (Figure 1) , with a heating degree day defined as the sum of the negative differences between the mean daily temperature and 65 °F (18.3 °C) (NOAA unpubl. data; www.erh. noaa.gov/cle/climate/info/degreedays.html).
Results spRing thaw and habitat emeRgenCe
The study area was commonly completely covered with snow and ice when observers arrived in mid-April to early May. Upland areas were the first to become snow-free, because of the scouring effect of strong winds and the propensity for the uplands' dark heath vegetation to absorb sunlight. The resulting snowmelt filled nearby shallow catchments and inundated lowlands. The progression of the thaw along the Kashunuk River was typical of most of the outer Y-K Delta, but was especially characteristic of the region of the central Y-K Delta between Nelson Island and the Askinuk Mountains. Because slightly elevated areas were freed of snow faster than lower areas they appeared as islands of habitat that were especially attractive to shorebirds and waterfowl when they first arrived (Figure 2 ).
habitat availability in spRing
Local weather and habitat conditions varied considerably from year to year (Table 1, Figure 3 ). Over the 28 years of our study the date of breakup of ice on the Kashunuk River ranged from 10 May to 10 June and averaged 27 May (± 1.5 days SE). The mean date that uplands were 90% snowfree was 10 May, the earliest 24 April in 1997, and the latest 23 May in 1985. The onset of the frost-free period and the date that maximum daily temperature exceeded 10 °C also varied by 3-4 weeks over the years. Once daytime temperatures exceeded 10 °C, there was a rapid transition from winter to spring, with the landscape changing from solid white to a changing patchwork of white and brown as snow melted and the previous year's standing dead vegetation became exposed. Generally, lowlands were flooded by meltwater soon after uplands were mostly free of snow, although such flooding was unusually delayed by 10 days in 1977 when cold temperatures returned after the snow melted.
From 1977 to 1998, the years for which data were available for almost all measures (Table  2) , indices of local habitat conditions were significantly correlated. The date of river breakup was especially highly correlated (p < 0.001) with local measures of weather. Most local spring conditions were only weakly correlated with larger-scale weather indices. The only significant relationship between any local metric of phenology and the three broad climate indices (ENSO, PDO, and May sea-surface temperature) was a negative relationship between the timing of river break-up and May sea surface temperatures (r 2 = 0.35, p = 0.015, adjusted for 15 comparisons).
timing oF shoRebiRd aRRival
The date of first arrival varied considerably from year to year (F 27,318 = 20.02, p < 0.0001; Figure 3 ) and from species to species (F 11,318 = 31.14, p < 0.0001; Table 3 ). The Black-bellied Plover was nearly always the first to arrive, whereas the Long-billed Dowitcher (Limnodromus scolopaceus), Pectoral Sandpiper (Calidris melanotos), and Red Phalarope (Phalaropus fulicarius) were always among the last to arrive (Table 3, Figure 4 ). The spread of first arrival dates over the 28 years Mean arrival date on the Y-K Delta in spring showed only a marginal relationship with distance of migration from the midpoint of the nonbreeding range (Spearman's r = 0.42, p < 0.10, Table  3 ) and no discernible relationship with either the northern (r = 0.33) or southern (r = 0.39) limit. This lack of a relationship is exemplified by the similar arrival times of the Bar-tailed Godwit and Rock Sandpiper, despite the fact that the godwit , 1977-1998; data on river break-up through 2008; no data for 1980, 1981, 1982, and 2007, break-up is a long-distance migrant and the sandpiper a short-distance migrant (Table 3) . Indeed, Bar-tailed Godwits, which winter much farther from the Y-K Delta than Rock Sandpipers, appeared to track conditions on the breeding ground better (r 2 = 0.49 vs. 0.12 for godwits and sandpipers, respectively, for relationship between arrival time and timing of river break-up; Table 4 ).
Relationship between enviRonmental vaRiables and aRRival times
The arrival of seven species of shorebirds to the Y-K Delta was strongly correlated with at least four of the five environmental variables that we monitored (Table 4 ; Figure 3 ). Rock Sandpiper arrival was correlated with only one variable, while for three species (Ruddy Turnstone, Pectoral Sandpiper, and Red Phalarope) arrival dates were not correlated with any of the five variables. In most years, shorebirds arrived at about the time upland areas retained 10% snow cover ( Figure  3 ). There was no relationship between timing of arrival of any species and broader climate indices such as the PDO, ENSO, or May sea-surface temperatures (r 2 < 0.22, p > 0.05).
tempoRal tRends in aRRival times and spRing phenology
There were no significant trends over time in arrival date of any of the 12 species, that is, the slope of the regression line was not significantly different from 0 (p > 0.05) for any species (Figure 3 ). There was also no trend in the timing of break-up of the Kashunuk River (i.e., slope not different from 0: p > 0.05) over the course of our study (Figure 3) . Although there was a short-term trend for progressively earlier river break-up from the mid-1980s to the late 1990s, extreme interannual variation before and after that period, as well as a series of consistently later springs around the turn of the century, resulted in no overall trend. However, if we include data on the timing of river break-up from years preceding our study (back to 1964; C. J. Lensink and C. P. Dau pers. comm.), then there has been a significant advancement in the timing of break-up of the Kashunuk River (r 2 (2012) . c Value × 1000 km, for most species from the midpoint of the winter distribution to the Y-K Delta, with distances from northern and southern limits of distribution in parentheses (see Methods). For the Bar-tailed Godwit the distance is from from the midpoint of Yellow Sea staging grounds with the distance from the winter range in New Zealand in parentheses. For the Ruddy Turnstone the distance of 4000 km is from the Hawaiian Archipelago (Gill et al. 2002) . Values are rounded to the nearest 100 km if total distance is <3000 km, to 500 km if distance >3000 km. a Snow-cover, flooding, and temperature data for 1977-1998 (n = 17 years); break-up = date when river ice first moved at Old Chevak or at our field site 7 km down river ( Figure 1) ; onset of frost-free period = date temperature was first continuously >0 °C. Light, medium, and dark shading indicate p < 0.05, p < 0.01, and p < 0.001, respectively. For multiple comparisons within a species, Bonferroni-corrected p values are α/5 (the number of comparisons per species).
of break-up of the Kashunuk River. The strength of this relationship (r 2 ) was highest for sites closest to the study area such as Bethel (0.74), Dillingham (0.64), and King Salmon (0.68; Figure 1 ), but still highly significant for areas more distant, including Cold Bay (0.60), Kodiak (0.46), Homer (0.42), and Cordova (0.36). May temperatures at these sites were also good predictors of the time of shorebirds' arrival on the outer Y-K Delta, as indicated by the significant correlations of May temperatures (heating degree days) with these arrival times (Table 5) .
timing oF aRRival Relative to abundanCe and the timing oF nesting
Local population size had no obvious effect on detectability. Correlations between local population size and mean arrival dates, the standard error of mean arrival dates, and the span of dates between earliest and latest first arrivals for each species generated r 2 values of just 0.11, 0.11, and 0.07, respectively. We found positive correlations between the date of first arrival and the date of first nest initiation for all five shorebird species considered, including the Bar-tailed Godwit (r 2 = 0.99, n = 3 years), Black Turnstone (r 2 = 0.88, n = 5), Dunlin (r 2 = 0.81, n = 4), Rock Sandpiper (r 2 = 0.80, n = 6), and Western Sandpiper (r 2 = 0.89, n = 7). We also found positive correlations between first arrival and mean nest initiation for the three species for which we had that measure, including the Bar-tailed Godwit (r 2 = 0.99, n = 3), Dunlin (r 2 = 0.99, n = 3), and Western Sandpiper (r 2 = 0.56, n = 6). Shorebirds did not nest immediately after arrival but spent considerable time on the study area before initiating nests, even in years of early snowmelt. The average time lag (in days) from first arrival to first nest initiation was 14 days for the Bar-tailed Godwit (range 13-15, n = 29 nests over 3 years), 18 days for the Black Turnstone (range 12-23, n = 110 nests over 5 years), 13 days for the Dunlin (range 9-15, n = 147 nests over 4 years), 16 days for the Rock Sandpiper (range 11-20, n = 52 nests over 6 years), and 12 days for the Western Sandpiper (range 9-14, n = 381 nests over 7 years). Time lags between first arrival and mean nest initiation were 21 days (range 19-23, n = 3 years) for the Bar-tailed Godwit, 19 days (range 18-20, n = 3 years) for the Dunlin, and 26 days (range 21-30, n = 6 years) for the Western Sandpiper.
disCussion

Reliability and RelevanCe oF FiRst obseRvations as a metRiC oF timing oF bReeding
Our use of the date of first arrival as a metric for characterizing the timing of shorebirds' breeding season implied the assumption that early first arrivals corresponded with earlier nesting in the overall local population. How valid was that assumption? To begin with, the first individual detected obviously may not necessarily have been the first individual to arrive. Although an observation of a bird confirms its presence, failure to detect a bird does not confirm its absence, because the reliability of observational data is dependent on species-specific detection rates (Thompson 2002) . Hence, because we do not know the probabilities of detection for each species, we do not know with complete confidence when each species of shorebird first arrived at our study area. Nonetheless, the wide-open habitats and conspicuous behaviors of shorebirds at that time of year (Figure 2 ) certainly increase the probability of early detection and reduce the probability of systematic biases among species in reported arrival dates. Other studies have indicated, however, that population size is a major factor contributing to differences in detectability (Tryjanowski et al. 2005 , Lehikoinen and Sparks 2010 , PearceHiggins and Green 2014 . In our study area, the species of shorebirds varied in abundance by an order of magnitude (McCaffery et al. 2012) . If local abundance was associated with detectability, we might have expected the observed arrival dates of the more abundant species to be earlier and/or less variable. Our data, however, do not support either hypothesis. Neither the timing of arrival nor annual variation in arrival times was obviously associated with local abundance. A second objection to using data on first arrivals to characterize the timing of breeding is that early arrivers could be isolated and essentially random outliers providing little or no predictive information about population-level phenomena. If that were the case, one would expect little or no correlation between first arrival data and the timing of subsequent breeding. That is not, however, what we documented in this study. We found a very strong correlation between first arrival and time of nesting for all five species for which we had at least three years of data on nesting chronology. Given the strength of these correlations and the overall conspicuousness of shorebirds in the stark two-dimensional habitats prevalent on the Y-K Delta, we are confident that first arrival dates provide a useful index of the chronology of shorebirds ' local breeding. what aRe the signs oF spRing?
In the Arctic, the breakup of rivers in spring represents the most significant hydrological event of the year with respect to freshwater, nutrient, and sediment dynamics (Beck et al. 2013) . Our finding of a strong positive relationship between the timing of break-up of the Kashunuk River and other environmental variables, including percent snow cover and ambient temperatures during April and May ( Table 2 ), indicates that the timing of the river's break-up is also a good metric for evaluating the onset of spring. Other authors have found this date to reflect seasonal variation in regional climate, including Bieniek et al. (2011) , who reported that the timing of break-up of Alaska rivers was highly correlated with surface temperatures during April and May, and Muhammad et al. (2016) , who found that timing of break-up of the Mackenzie River in northern Canada was highly correlated with timing of local snowmelt. The analysis of Bieniek et al. (2011) included the Kuskokwim River at Bethel, where during the years of our study , the number of heating degree days in April was strongly related to the date of break-up (r 2 = 0.71; p < 0.001). Hence our use of the timing of break-up of the Kashunuk River as an index for spring phenology seems warranted, even in the years when we did not record other environmental data.
inFluenCe oF enviRonmental vaRiables on aRRival times
Our finding that shorebirds' arrival was highly correlated with local weather variables (Table 4) has been reported elsewhere in the Arctic (e.g., Tómasson 2011, Ward et al. 2015) . In addition, the high degree of correlation among the local weather variables on the Y-K Delta suggests that migrants had consistent signals of spring. However, larger-scale environmental indices did not appear to be correlated with the timing of shorebird migration. This result parallels the findings of Ward et al. (2015) in northern Alaska, and of Boyd and Petersen (2006) in Iceland, who reported that the arrival times of less than half the shorebird species migrating to Iceland varied with the phases of the North Atlantic Oscillation. The timing of shorebird migration may be under environmental controls different from those of other species, however. At lower latitudes in North America, the schedule of songbird migration has been found to vary with large-scale environmental indices ). On the Y-K Delta, however, local weather and migration timing are likely not completely independent of larger-scale phenomena, as evidenced by the delayed snowmelt and delayed arrival of shorebirds in 1992, which were probably affected by ash jettisoned into the atmosphere by the eruption of Mt. Pinatubo in 1991 (Ganter and Boyd 2000) .
FaCtoRs inFluenCing timing oF aRRival and bReeding
We found that, regardless of migration distance, the birds we studied altered their arrival times to compensate for annual variation in the timing of spring thaw. This result contrasts with other findings that migration distance has a significant effect on migration timing, although there is disagreement over whether the relationship is positive or negative. Some authors have reported that in warmer springs short-distance migrants are more likely to advance the timing of migration than are species migrating greater distances (Murphy-Klassen et al. 2005 , Gunnarsson and Tómasson 2011 , Stutzman and Fontaine 2015 , whereas others have reported that long-distance migrants are better able than short-distance migrants to advance migration timing (Jonzén et al. 2006) . Many of these studies, however, were conducted at breeding areas in the North Temperate Zone, or at mid-latitude staging areas, and were in general not evaluating arrival in the Arctic. Birds at lower latitudes or at earlier stages of their migration may be under controls different from those at high latitudes or nearing the end of their migration (citations in Newton 2008 ). It appears to us that shorebirds nesting on the Y-K Delta have considerable flexibility in adjusting the timing of their migrations, especially as they near Alaska.
Our finding no effect of distance on timing of migration is likely related to the fact that in spring most of the species we studied stop in southcentral Alaska before moving to the Y-K Delta to breed (Table 3 ). The principal sites of such staging include the Copper River Delta, Prince William Sound, Cook Inlet (Kachemak and Redoubt bays), the Kodiak Archipelago, and Bristol Bay estuaries, which collectively lie between 600 and 1000 km from the Y-K Delta (Figure 1 ). These sites provide not only abundant food resources for replenishing reserves after long migrations, but because of their proximity within the flyway to the breeding grounds they may provide environmental cues that allow the birds near the end of their migrations to assess conditions on the breeding grounds. Indeed, the strong correlation we found between environmental conditions on the breeding grounds and along the northern portion of the migration route points to a mechanism by which migrants can judge whether to continue migrating or wait until conditions are more favorable (e.g. warmer temperatures, more beneficial winds).
Some of our strongest evidence for this flexibility comes from satellite-and VHF-tagged individuals. For example, in some years satellite-tagged Bar-tailed Godwits migrating 6800 km nonstop from the Yellow Sea to the Y-K Delta (Battley et al. 2012) , Bristle-thighed Curlews (Numenius tahitiensis) migrating nonstop from at least the Hawaiian Archipelago (T. L. Tibbitts and REG unpubl. data), and Whimbrels (Numenius phaeopus) migrating 4000 km nonstop from Mexico fly directly to their Alaska breeding grounds. In other years, the same individuals stop briefly in the Aleutian Islands, at Alaska Peninsula estuaries, or in Cook Inlet before continuing to the breeding grounds.
Other evidence of a flexible migration strategy comes from VHF telemetry of small sandpipers, of which the two that breed most abundantly on the Y-K Delta, the Dunlin and Western Sandpiper, migrate up the Pacific coast of North America in short hops each spring (e.g., Iverson et al. 1996 , Takekawa and Warnock 2000 , Warnock et al. 2004 . Most birds stop briefly at sites in southcentral Alaska, particularly the Copper River Delta, before flying either directly to the Y-K Delta or in some instances stopping in Cook Inlet or Bristol Bay (e.g., Bishop and Warnock 1998 , Gill and Tibbitts 1999 , Warnock et al. 2004 , Savage and Payne 2013 . At these Alaska stopover sites, birds are likely able to pace their migration by evaluating cues of spring as they draw nearer to their breeding grounds.
What remains unclear is whether this strategy is restricted to the American Pacific Flyway or if it is widespread in the Northern Hemisphere. It appears that in regions where weather conditions at distant staging areas are not correlated with conditions on the breeding grounds or where birds have to cross vast ecological barriers and do not have stopover sites near the breeding grounds, birds generally do not show a phenological response to variation in conditions on the breeding grounds, but instead time their arrival on the basis of long-term average conditions (Piersma et al. 1990 , Boyd and Petersen 2006 , Meltofte et al. 2007 , Smith et al. 2010 , Gunnarsson and Tómasson 2011 .
It is apparent from our study that flexibility in migration schedules, especially as birds near the breeding grounds, contributes to breeding at the optimal time, but there is also evidence that post-arrival adaptations may also facilitate timely breeding. On the Y-K Delta, we found that the lag between first arrival on one hand and first and mean nest initiations on the other averaged about 2 and 3 weeks, respectively. Such an extended interval may provide shorebirds an opportunity to calibrate the initiation of breeding even more finely than can be achieved just by their flexible migration strategies. In addition, in the tundra of western and northern Alaska, the breeding season is long enough for shorebirds to lay replacement clutches when first clutches have been depredated (McCaffery and Ruthrauff 2004 , Johnson et al. 2009 , Gates et al. 2013 , and in some cases, even to double-brood (Jamieson 2011). Even No. 3 at these latitudes, however, there is apparently still a premium on being able to produce additional clutches quickly so that hatching coincides with ample prey for the young (see below). For example, at Barrow, Alaska, a Dunlin can lay the first egg of a replacement clutch in as few as two days following the loss of a prior clutch, and the average interval is 5-7 days (Gates et al. 2013 ); on the Y-K Delta, the average is about 9 days (Jamieson 2011) . Similarly, Bar-tailed Godwits and Western Sandpipers on the Y-K Delta lay replacement clutches in 5-6 days (Woodley 2009, BJM unpubl. data) .
maintaining the matCh
Many studies of animals of both the Arctic and North Temperate Zone have documented that some migrants are unable to alter their migration and breeding times to coincide with advances in the timing of food availability in breeding areas induced by global warming (Visser et al. 1998 , Durant et al. 2007 , Post et al. 2008 , Both 2010 . Most of these studies, including investigations of shorebirds breeding in the Arctic (Tulp and Schekkerman 2008, McKinnon et al. 2012) , have focused on monitoring peaks of prey availability relative to the timing of hatch of young. However, for income breeders, migratory species that rely on local food resources for reproduction (Drent and Daan 1980) , there are two pulses of food availability that must be tracked for optimal breeding performance: food for breeding adults upon arrival, and food for young at the time of hatching. Our data show that shorebirds breeding on the Y-K Delta have been able to adjust their migration schedules to arrive when breeding habitats are favorable for foraging during the prenesting period, but it is also likely that their arrival is timed so that young hatch when the density of food is greatest (McKinnon et al. 2012) . This is probable because the same environmental factors (especially snow cover and temperatures) governing the emergence of nesting habitat (vegetation) and prey (insects; Emmenegger et al. 2014 ) are also strongly correlated with when birds make their final flights to breeding areas and start nesting. The results of our study thus support the assertion by Gwinner (1996) that circannual rhythms are not fixed but "allow birds to time seasonal activities like migration or reproduction in temporally constant or unpredictable environments." The flexibility demonstrated in the species we studied may become increasingly important during this era of rapid global climate change. Indeed, a species' current range of flexibility in scheduling migration and breeding may help us predict the likelihood of its being able to adapt to dramatically changing conditions in the decades ahead.
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